Abstract. In this paper, a novel method for estimating both symbol timing and carrier frequency offset is presented. Because of its non-data-aided style and low complexity characteristic, such method facilitates the digital implementation at the receiver side. Numerical results show that the proposed algorithm has superior performance at low signal-to-noise ratio, so it is comparatively robust with Gaussian noise.
Introduction
Nonlinear devices such as amplifiers in the analogue frontend of a communication system enforce the designer to use the constant-envelope modulation techniques. Minimum shift keying (MSK) is a simple one whose modulation index is 1/2, and it has the same bit error rate performance with QPSK, which makes it a reasonable choice for power-efficient wireless networks like as the ZigBee [1] .
The first task of the receiver is the estimation of the carrier frequency and symbol timing. Frequency and timing synchronization algorithms are typically categorized in decision-directed [2] [3], data-aided [4] [5] and nondata-aided [6] [7] [8] methods. Li Bin presented a phase tracking algorithm and developed a new simple recursive receiver structure [2] , however, such algorithm is a decision-directed style, and so is not suitable for the situation without reliable decisions. Qing Zhao presented a code-aided (or soft-decision-directed) style based on the adaptive soft-input soft-output module [9] , however, such scheme is complex and suffers hangup (or spurious lock) problem and prolonged acquisitions caused by complex iterations between phase and frequency and/or phase and timing correction algorithms. Ehsan Hosseini proposed the optimum training sequence for joint estimation of carrier phase, frequency offset and symbol timing and offered superior performance which is close to the modified CRB [5] . Although the data-aided schemes could achieve better performance, they yield the lower data rate or power efficiency due to training overhead. NDA methods are preferred when the decisions are not available or not reliable, and the data is not known. Michele Morelli presented a feedforward frequency estimator [6] , but such algorithm depends upon the estimation of symbol timing. Mario E. Magana proposed NDA parametric-and nonparametricbased methods for carrier frequency estimation of burst Gaussian minimum-shift keying (GMSK) [7] , which have better performance over ad hoc methods such as delay and multiply, but it just paid attention on the frequency recovery, the timing error was not concerned. Denis A. Gudovskiy investigated a novel NDA feed forwad algorithm for joint frequency offset and timing error estimation of MSK-modulated signals in [8] , however, the its timing estimator is biased and has poor performance, and the carrier recovery also depends on the timing recovery.
In this paper, we propose a NDA joint frequency and symbol timing estimation algorithm, which is suited for fully digitally implementation. After the squared operation and Discrete Fourier Transformation (DFT) with the received MSK signal, frequency capturing could be achieved firstly and the received signal could then be compensated. Based on the same preprocessing, both the residual frequency offset and timing error can be estimated secondly, and they are independent of each other. At last, the carrier phase could be recovered based on the front estimation.
Signal Model
We consider the MSK signal with complex envelope
where s E is the symbol energy, and s T is the symbol period.
The phase of the signal is given by
where
is the M-ary information sequence. The phase response q(t) is defined as the time-integral of the frequency pulse f(t), which has duration of L symbol times and an area of 1/2. The modulation index h in (2) can be typically expressed as h = K/P for single index CPM format. For MSK signal, L equals to be 1, and h equals to be 1/2.
The typically received MSK signal can be expressed as follows.
where v, τ and θ are the frequency offset, timing error and phase error respectively. In order to achieve correct information, such three parameters need to be estimated. The squared MSK signal is expressed as
For full-response signal, the information bearing phase could be expressed as follows
And ( )
Obviously, no matter what value n is, we can get that
According the derivation above, we could see that the "Single-tone" component ( ) , A t v could be used for frequency capturing. Simultaneously, the "Phase" component ( )
B v θ τ could be used for further synchronization likewise timing recovery, frequency tracking and carrier phase recovery.
Derivation of Estimators
For MSK signal the information n α could be 1 or -1, it means that ( ) , A t v in expressions (7) 
Whereas 0 L is the symbol observation interval. The estimation range of such frequency capturing method is very large and adjustable, which is at least to be signal symbol rate. If the sample rate of signal was increased, the estimation range could be further improved, however, the complexity of FFT transformation was also increased. Obviously, such method does not need the aid of timing clock estimation and thus is called non-clock-aided (NCA).
As we know, because of finite duration of signal and discrete time Fourier transformation, the frequency spectrum will no longer be a perfect impulse but will take a sinc shape. So the method of frequency capturing is a biased estimator, and the maximum bias is ( ) 0 1 4TL . The capturing performance could be further improved with using the interpolated method in [10] . In this paper, after the compensation of capturing frequency c v , the residual frequency offset r v could be further estimated as follows. As a result, the performance of carrier recovery would be further improved in the tracking process.
According to expressions (9), the following two equations could be derived.
arg ⋅ means getting the phase operation. Based on (11), the timing estimation could be simply computed as
From the estimator above, it would be easily implemented digitally because it does not depend on the residual frequency offset and carrier phase estimation. Besides, the . After frequency capturing, the residual frequency offset could not be derived directly from expressions (11). However, if we insert a T/4 duration, the received MSK signal becomes to be ( )
. Then the following equations could be got
So the phase of ( )
C v θ τ is as follows
Therefore, the residual frequency offset could be derived as follows
To reduce the estimation error, the estimator of expression (17) and (18) should be averaged.
From the derivation above, the frequency estimator is clock-aided because of the T/4 duration operation. However, it is exciting that the estimator is independent with the timing error, which is robust at the receiver side.
Based on the estimation of timing and residual frequency offset, the phase could be derived as follows.
From this, there still exists phase ambiguity of π in the estimation because of the squared operation. However, it is known that MSK detectors can tolerate such phase ambiguity when used the maximum likelihood algorithm because of the phase rotational invariance of CPM [9] .
Simulation Results and Discussion
Based on analysis in section III, the joint non-data-aided estimation model for MSK signal is depicted as Figure 1 . Figure 1 . Nondata-aided synchronization model.
From the diagram, we can see that the complexity of such joint algorithm is very low in whole. Its complexity is mainly due to the FFT computations and squared operation. Comparing with other joint synchronization algorithm, the model presented in this paper has two advantages: one is that it could be implemented easily at the receiver side; the other is that the estimation of frequency offset and timing error is independent with each other. Figure 2 show the performance of frequency capturing with MSK signal, and the parameter L 0 is the length of observation data. Obviously, the performance of frequency capturing with L 0 =10000 is about 5 dB better than the performance with L 0 =1000. However, the complexity with L 0 =10000 would be much larger because of the DFT operation. As shown in Figure 2 , the probability of wrong capturing is lower than 10e-5 when the bit signal-to-noise ratio is 1 dB with L 0 =1000. Therefore, such method of frequency capturing is suited for receiver when working at low signal-to-noise ratio.
Simulation results of timing error are shown in Figure 3 . Compared with the maximum-likelihood based NDA algorithm in [3] , the performance of the method proposed in this paper is much better especially at high signal-to-noise ratio, which is more close to the modified Cramér-Rao bound.
When the signal-to-noise ratio is lower than 4 dB, the timing error of the proposed estimator is very close to the maximum-likelihood based NDA algorithm. However, such error is little enough even with low signal-to-noise ratio.
The performance of frequency tracking is simulated and shown in Figure 4 . Compared with the delay-and-multiply method proposed in [3] , the method proposed in this paper could achieve better performance, especially at low signal-to-noise ratio, which means that the method proposed in this paper is more effective when working at low signal-to-noise ratio. According to expressions (20), the phase estimation is depending upon both the frequency and the timing estimation. As a result, the phase error would be a little worse with low signal-to-noise ratio, because at such low signal-to-noise ratio the timing and frequency estimation would also be deteriorated.
As shown in Figure 5 , the performance of phase recovery is simulated and compared with the 2P-th power method and ML-based NDA method both proposed in [3] . Obviously, the method proposed in this paper could achieve better performance than the 2P-th power method, no matter working at low or high signal-to-noise ratio. However, it is still a litter worse than the ML-based NDA method, especially at low signal-to-noise ratio.
However, the complexity of phase recovery method proposed in this paper is the smallest one compared with the other two methods.
Summary
In this paper, a novel joint synchronization algorithm was investigated based on the squared MSK signal derivation. The frequency offset and timing error could be estimated independent with each other. Simulation results show that such algorithm has superior performance with frequency offset, timing error and carrier phase even working at low signal-to-noise ratio, which makes such algorithm much more challenging with other existing algorithms in power-limited systems. Besides, the complexity of this method is very low in whole, which makes the implementation very easy for the receiver.
However, the disadvantage of such algorithm is that it is just suited for minimum-shift keying signal. Future work should be devoted to the estimation with Gaussian minimum-shift keying or other CPM signals.
